Introduction
Methylene (carbene, CH 2 ) and substituted carbenes have long played a central role in organic chemistry 1 and have been the focus of numerous theoretical investigations. 2, 3 The reactivity of methylene is critically dependent on the electronic state. 4 Both the triplet ground state and the low-lying excited singlet state are energetically accessible and are explicitly taken into account in current hydrocarbon combustion models. 5 Similar remarks apply to halogenated carbenes, which are important intermediates in the incineration of fluorine-and chlorine-containing wastes and in the combustion inhibition mechanisms of fluorine-, bromine-, and iodine-containing flame suppressants. 6 However, in the case of halocarbenes there are few experimental data for use in combustion modeling. As discussed below, there is little accurate information on the geometry, vibrational frequencies, singlet-triplet energy gaps, and thermochemistry for the halocarbenes. For example, the recommended ∆ f H°for fluorine-and chlorine-containing halocarbenes in three standard thermochemical compilations [7] [8] [9] range over 60 kJ mol -1 . In addition, there is little information for bromineand iodine-containing species. Here we have extended the ab initio methodology we applied previously to the methylidyne series. 10 The major goal of the present work is to resolve some of these discrepancies via ab initio methods and to provide a consistent set of data for the 14 halocarbenes CXY, where X, Y ) H, F, Cl, Br, I. This complete series has been examined before, notably by Irikura et al. who focused on the singlettriplet gap, and scaled results obtained with modest levels of theory to match calibration molecules. 11 In this work, we employ QCI theory with basis sets up to 6-311+G(3df,2p) to obtain information for the halocarbenes. Where there are measurements, the computed results compare well, substantial gaps in the database are filled, and in particular, information is now provided for bromine-and iodine-containing carbenes.
Computational Methods
Calculations were performed on the singlet and triplet states of the 14 halo-and dihalocarbenes, using the GAUSSIAN-94 quantum mechanical code. 12 Additional computations were performed on CH 2 ( 1 A 1 ), CH 2 ( 3 B 1 ), CH 4 , and a series of reference halomethanes. 13 Energies were obtained at two levels. First, the Gaussian-2 (G2) protocol 14 was utilized to obtain E 0 -[G2], which approximates QCISD(T)/6-311+G(3df,2p)//MP2-(full)/6-31G(d) energies (including scaled HF/6-31G(d) zeropoint energies, ZPE). Second, to assess the effect of improving the level of geometry calculation and removing the additivity approximations of the G2 procedure, nonapproximate QCISD-(T)/6-311+G(3df,2p) energies, E 0 [QCISD(T)], were computed using geometries and frequencies obtained at the QCISD/6-311G(d,p) level; frequencies were scaled by 0.954 for the ZPE calculations (vide infra).
Computations on species containing bromine or iodine employed the recently developed basis sets of McGrath, Radom, and co-workers. 15,16 G2 energies were determined using the nonrelativistic all-electron (AE) versions of these bases, whereas nonapproximate QCISD(T) energies employed the bases incorporating Hay-Wadt relativistic effective core potentials (ECPs). 16 Values of E 0 [G2] and E 0 [QCISD(T)] for the singlet and triplet states of the halocarbenes as well as for the reference compounds are available as Supporting Information. Scaled frequencies of the reference compounds are also contained in the Supporting Information.
Results and Discussion
A. Geometries and Vibrational Frequencies. Bond lengths and angles of the singlet and triplet states of CH 2 and the halocarbenes, computed at the QCISD/6-311G(d,p) level of theory, are displayed in Table 1 ; also contained in the table are the available experimental geometries. 7, [17] [18] [19] Agreement with the few accurately measured geometries of several fluoro-and chlorocarbenes is quite good: bond lengths match to within 0.01 Å (1 Å ) 10 -10 m) and angles to within 1°. Not surprisingly, there are larger discrepancies with some of the reported approximate geometric parameters for several halocarbenes (obtained by analogy with other halocarbons). In general (with the exception of CI 2 ), the approximate bond lengths are lower than those computed here, by 0.03-0.05 Å.
Geometries of singlet and triplet monohalocarbenes and CF 2 , computed at the BLYP and BVWN5 levels using double or triple-bases, have been reported recently. 20 The DFT bond lengths were somewhat longer than those obtained here and the experimental values. On the other hand, a very recent calcula-tion 21 on CF 2 ( 1 A 1 ) at the B3LYP/6-311+G(2df) level yielded a bond length and angle virtually identical to those found here. A recent investigation 22 of singlet and triplet CHF at the MRCI and CCSD(T) levels of theory report bond lengths and angles which agree to within 0.005 Å and 0.3°, respectively, of QCISD-(T) values computed here.
From Table 1 , one observes the well-known increase in XCY bond angle (by 20°-30°) in the triplet, which has been explained both on the basis of decreased valence shell electron repulsion and diminished s-character of the singly occupied nonbonding orbital (increasing the percent s in the bonding orbitals). 3 It may be seen also that, with the exception of C-F bonds (which increase by approximately 0.02 Å), triplet carbene bonds are shorter than those of the singlets (by ∼0.03 Å for C-H to ∼0.09 Å for C-I bonds). This observation, too, is consistent with increased s character of bonding orbitals in the triplet species.
Analysis of the data reveals fairly regular trends in the geometric parameters with substituent electronegativity. To isolate the influence of a given substituent on the bond length, R, it is useful to plot the value of R(C-X) for fixed X in the series of carbenes, CXY, as a function of the Pauling electronegativity 23 One finds a similarly regular trend in XCY bond angles with substituent electronegatively. This is illustrated in Figure 2 , where we have plotted the angle versus Y for the singlet states of the four series, CXY, X ) F, Cl, Br, I. One sees that, with the exception of the monohalocarbenes [CXH, X ) F, Cl, Br, I], the bond angle decreases monotonically with rising substituent electronegativity. The triplet bond angles exhibit similar, even larger, variations of bond angle with increasing Y .
The observed trends in both bond angles and lengths are consistent with Bent's rule, 24 which predicts that the p character of bonding orbitals increases with substituent electronegativity. The anomalously low CHX bond angles may result from the hydrogen atom's low steric requirements.
Contained in Table 2 are computed QCISD/6-311G(d,p) vibrational frequencies of the singlet and triplet halocarbenes, together with assignments and reported frequencies, where available. 7 Experimental data are lacking for many of the carbenes, particularly in the triplet state, due at least in part to their highly reactive nature.
The QCISD frequencies were approximately 5% higher on average than experimental values. This is not surprising and may be attributed almost entirely to anharmonicity in the measured values. It was found that the RMS deviation from experiment is minimized by using a scale factor, 0.954, with a resultant RMS error of 28 cm -1 . Computed frequencies in the table have been scaled by this factor.
It was satisfying to find that the scale factor derived independently by comparison of calculated and experimental frequencies of the reference halomethanes 13 was virtually identical (0.955) to that for the halocarbenes. The RMS error for the halomethanes was lower (<16 cm -1 ), which likely results from the greater accuracy of experimental data for the stable halomethanes.
On the basis of the agreement of the scaled QCISD frequencies to experimental data on the halomethanes and the halocarbenes where frequencies have been measured, it is suggested that the values in Table 2 We have computed adiabatic energy gaps, ∆E S-T ) E 0 (trip) -E 0 (sing) (which include vibrational ZPE) for all of the haloand dihalocarbenes using both G2 and QCISD(T)/6-311+G-(3df,2p) energies. The results are contained in Table 3 , together with some reported experimental measurements and other calculations. With the exception of ∆E S-T (CH 2 ), the singlets are predicted in all cases to be the more stable of the two electronic states.
One observes immediately that there is a comparatively large difference in the two sets of computed results. The deviations are not random. Rather, the G2 energy gaps are greater than the QCISD(T) energy diffferences by an approximately constant amount, with ∆E S-T [G2] -∆E S-T [QCISD(T)] ) 14.5 ( 1.6 kJ mol -1 . This deviation can be ascribed almost completely to the high-level corrections 14 (HLCs) included in the G2 singlet and triplet energies, which contribute +12.1 kJ mol -1 to
A comparison with the measured energy gaps in CH 2 and several halocarbenes (Table 3) reveals that in every case where experimental data is available, ∆E S-T [QCISD(T)] lies closer to the measured value. Indeed, one finds an overall excellent agreement with experiment, with the computed value often lying within 3 kJ mol -1 of the measured gap. For those cases where the deviation is greater (CHBr, CHCl, and CHI), there is a very large experimental uncertainty.
It is at first surprising to find that the HLCs, introduced empirically into the G2 method to improve agreement with experimental data, actually introduce a comparatively large error into calculated singlet-triplet energy gaps in the halocarbenes. However, it must be noted that there were no data on transition energies between bound electronic states of differing multiplicity in the G2 test set from which the HLCs were derived. In this context, it is relevant to note that the atomization energies of CH 2 ( 1 A 1 ) and CH 2 ( 3 B 1 ) computed by the G2 method agree with experiment to within 5.9 and 4.2 kJ mol -1 , respectively, i.e., to within the target accuracy of the G2 method, whereas the singlet-triplet gap differs from the measured value by a significantly larger amount (10 kJ mol -1 ), due to the presence of noncanceling errors in the latter calculation. This problem in the G2 calculation of ∆E S-T in CH 2 has been noted in a recent review article on structure and energy calculations of carbenes. 36 The fact that one finds a uniformly positive deviation in values of ∆E S-T (G2) from experiment in the halocarbenes offers a cautionary note on the accuracy of the G2 method applied to this type of transition energy calculation.
There is also generally a very good agreement of our values of ∆E S-T [QCISD(T)] with earlier computed energy gaps, obtained by a variety of other methods (Table 3) ; the greatest differences from our results appear to be some of the transition energies computed with DFT methods, 20 as well as one of the earlier results for CH 2 . 31 That our values of ∆E S-T (G2) lie significantly higher than other computed values provides further evidence that the G2 HLCs degrade the quality of computed singlet-triplet gaps.
There have been at least two alternative explanations of the observed stabilization of the singlet electronic states of carbenes by halogen substituents. 3, 11 In one view, electron-withdrawing substituents occupy orbitals of increased p character (from Bent's 24 rule) and thus inductively stabilize the singlet's nonbonding pair of electrons by enhancing the s character of that orbital. Alternatively, it has been proposed that the π-electron-donating capacity of halogen atoms induce greater stabilization of the singlet by electron donation to the empty p orbital. Either explanation of the singlet state stabilization leads to the prediction that ∆E S-T should correlate positively with the halogen substituent's electronegativity, since both the σ-withdrawing and π-donating capacity of the halogen increase with .
To test this prediction, it is again useful to consider variations within a series, CXY, for fixed X as a function of the electronegativity of the second substituent, Y. In Figure 3 , we have plotted ∆E S-T [QCISD(T)] vs Y , for X ) H, I, Br, Cl, and F. One observes that, with the exception of the computed value for CH 2 , there is an excellent linear dependence of the energy gap on substituent electronegativity within each series. If the lines for each of the five series were parallel to one another, it would signify that the energy gap is a simple linear function of the sum of the electronegativities. However, one notices a distinct increase in the slope of each line with the electronegativity of the constant substituent. This implies the presence of a synergistic effect, in which the electronegativity of the first substituent affects the influence of the second substituent on the energy gap. The effect is shown more clearly in Figure 3B , where one observes (with CH 2 again as the exception) a small but definite positive curvature in the plot of ∆E S-T vs X + Y .
There has been some controversy over the sign of the singlettriplet energy gap in CHI. The results of some experimental reactivity investigations suggest a ground state singlet, 37, 38 whereas Gilles et al. 27 note that the results of their PES investigation of the CHI -anion infer that the triplet is energetically more stable, although the estimated error in their experiment is rather large ( Table 3) . As seen from the table, we have found that ∆E S-T [CHI] > 0, consistent with the earlier reactivity studies. To test the effect of using the ECP basis for iodine, we repeated the calculations using the AE form of the iodine basis sets and obtained very similar results (∆E S-T [QCISD-(T)] ) 11.6 kJ mol -1 ). This does not conclusively prove that the sign of the energy gap is positive. At best, one may argue that ∆E S-T for CHI is much smaller in magnitude than for carbenes with more highly electronegative halogen substituents. Thus, CHI in iodine-inhibited flames may well react as an equilibrated mixture of both singlet and triplet states.
C. Enthalpies of Formation. Accurate data on the enthalpies of formation of halocarbenes is essential to modeling the kinetics of haloalkane decomposition at elevated temperatures. Yet, measured enthalpies on almost all of these systems are either lacking completely or reported values are subject to large experimental uncertainties. 7-9,39 -41 It has been demonstrated that the "standard" method of computation of molecular enthalpies of formation from ab initio atomization energies 8, 42 is subject to unacceptably large errors in haloalkanes, particularly those containing fluorine. 43 A standard procedure for minimizing these types of systematic errors is to utilize isodesmic reactions 44, 45 in which the numbers of each type of bond are conserved. For example, to determine the enthalpy of formation of a singlet halocarbene carbene, CXY( 1 A′), one may utilize a reaction of the form: 46 One first computes ∆E 0 [) ∆H°(0 K)] for this reaction from the ab initio energies and then adds thermal contributions, calculated from computed frequencies and structures using standard formulas, 8, 42 to obtain ∆H°(298.15 K). One uses this result, together with accurate experimental enthalpies of formation for CH 2 , 47 CH 3 X, CH 3 Y, and CH 4 48 to obtain ∆ f H°(CXY). There is no accurate experimental enthalpy of formation of CH 3 F. Therefore, values of ∆ f H°for fluorine-containing carbenes were computed from reactions of the type Enthalpies of formation for halocarbenes, computed from both G2 and QCISD(T) energies, are contained in Table 4 , together with available experimental data 7-9,39 and earlier reported computed values of ∆ f H°. 27, 39, [49] [50] [51] [52] We note that the computed values of ∆ f H°for the five chlorinated carbenes were determined using eq 1 with CH 3 Cl as the reference halomethane. Since there is also an accurate experimental enthalpy of formation for CH 2 T) ] reveals that enthalpies of formation calculated by the two methods agree to within 3 kJ mol -1 for all of the halocarbenes, with the sole exception of CHBr, for which the deviation is approximately 9 kJ mol -1 . The overall good agreement indicates that the improved geometry and frequency calculations in the latter method do not have a significant impact on the computed energies and that either the additivity approximations inherent in the G2 protocol are accurate or that errors are similar for the various species involved in the isodesmic reactions. Recalling that G2 energy calculations on bromine-and iodine-containing species utilized AE basis sets, whereas the QCISD(T) energies were computed with the ECP bases, one may also conclude from the generally close agreement that relativistic effects (incorporated into the latter calculations only) are either relatively small or cancel because of the use of isodesmic reactions. As noted, the deviation between the two computed enthalpies of formation of CHBr is much larger than for all other halocarbenes. The authors offer no explanation for this result, since there is much closer agreement for the four other brominated carbenes.
One observes from the fourth column of Table 4 that, as noted above, there are limited experimental data on enthalpies of formation of halocarbenes and, in most cases, the reported accuracy is quite low. One observes from the table that there 39 Contained in the final column of Table 4 are earlier calculated values of ∆ f H°for various chloro-and fluorocarbenes, computed by a variety of theoretical methods; the authors are aware of no earlier results for species containing bromine and/or iodine. For two of the five species, where earlier calculations have been performed, CHCl and CClF, the total range of values, including ours, is 6-8 kJ mol -1 . The ranges of computed enthalpies for CCl 2 , CHF, and CF 2 are significantly higher (12, 16 , and 19 kJ mol -1 , respectively). However, one notes that, not unexpectedly, computed values of ∆ f H°using G2 or CBS-Q atomization energies 39, 51 are lower than other values. We have shown in earlier work on fluoro-and chloromethanes 42,43,54 that enthalpies of formation computed from atomization energies using these methods lead to unacceptably large systematic errors which can be removed by utilizing isodesmic reactions or (closely related) bond additivity corrections. The other "outlier" among the computed enthalpies is the value for CF 2 using an isogyric (spin conserved), but not isodesmic (bond types conserved), reaction. 49 Without these values, the ranges of computed enthalpies of CCl 2 , CHF, and CF 2 are reduced to 6, 11, and 6 kJ mol -1 , respectively.
As noted in the Introduction, modeling the role of halocarbenes in the decomposition of haloalkanes under combustion conditions requires accurate enthalpies of formation which are not presently available for any of these species. The authors suggest that ∆ f H°[QCISD(T)] values can serve as estimates of heats of formation of the halocarbenes. On the basis of our earlier studies on the application of these methods to determine heats of formation in halomethanes and halomethylidynes, 10, 42, 43, 54 we would suggest that the enthalpies computed here are probably accurate to approximately (10 kJ mol -1 and should be useful until such time that more accurate thermochemical experiments on these species become feasible. 
